Insight into Schmid Metaphyseal Chondrodysplasia from the Crystal Structure of the Collagen X NC1 Domain Trimer  by Bogin, Oren et al.
Structure, Vol. 10, 165–173, February, 2002, 2002 Elsevier Science Ltd. All rights reserved. PII S0969-2126(02)00697-4
Insight into Schmid Metaphyseal
Chondrodysplasia from the Crystal
Structure of the Collagen X NC1 Domain Trimer
to provide a temporary pericellular matrix during ossifi-
cation [17].
Mutations in the COL10A1 gene cause Schmid me-
taphyseal chondrodysplasia (SMCD), an autosomal
dominant skeletal disorder characterized by growth
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Rehovot 76114 plate abnormalities, short stature, and a waddling gait
[17, 18]. Of the 27 mutations described to date (reviewedIsrael
2Biophysics Section in [17]), 25 affect the NC1 domain, consistent with the
notion that this domain plays a critical role in collagenBlackett Laboratory
Department of Biological Sciences X triple helix formation and higher-order assembly. Un-
usually for genetic diseases resulting from collagen mu-Imperial College
Prince Consort Road tations, not a single mutation has been detected in the
GXY repeats of the collagen X triple helix. Genetic stud-London SW7 2BW
United Kingdom ies in the mouse have yielded conflicting results. Mice
expressing mutant collagen X chains with a shortened
collagenous region develop severe skeletal and hemato-
poietic abnormalities [19]. In contrast, mice lacking col-Summary
lagen X were initially reported to have no overt pheno-
type [20], but more detailed studies later detected aCollagen X is expressed specifically in the growth plate
skeletal phenotype resembling SMCD as well as hema-of long bones. Its C1q–like C–terminal NC1 domain
topoietic changes [21, 22]. The discrepancies betweenforms a stable homotrimer and is crucial for collagen X
the two mouse models were attributed to different dis-assembly. Mutations in the NC1 domain cause Schmid
ease mechanisms, with dominant interference (gain ofmetaphyseal chondrodysplasia (SMCD). The crystal
function) contributing to the more severe phenotype ofstructure at 2.0 A˚ resolution of the human collagen
the transgenic mice [17].X NC1 domain reveals an intimate trimeric assembly
Several in vitro studies have addressed the molecularstrengthened by a buried cluster of calcium ions. Three
pathology underlying SMCD. Chan et al. used an in vitrostrips of exposed aromatic residues on the surface of
expression system to generate wild-type and mutantNC1 trimer are likely to be involved in the supramolec-
collagen X chains [23, 24]. Whereas the wild-type homo-ular assembly of collagen X. Most internal SMCD mu-
trimer is stable in 2 M urea containing 2% SDS, thetations probably prevent protein folding, whereas mu-
mutant chains did not form homotrimers or heterotri-tations of surface residues may affect the collagen X
mers with normal chains under these conditions. Ex-suprastructure in a dominant-negative manner.
pression in transiently transfected cells showed that the
mutant chains were rapidly degraded and did not inter-
Introduction fere with the secretion of normal collagen X homotri-
mers, suggesting haploinsufficiency (50% reduction) as
Collagen X is a short chain, homotrimeric collagen, the disease mechanism in SMCD. A similar conclusion
which is expressed specifically by hypertrophic chon- was drawn from results obtained with mutant NC1 do-
drocytes during endochondral ossification in the devel- mains expressed in bacteria [13]. In contrast, heterotri-
oping vertebrate embryo [1–4]. In the adult animal, colla- meric collagen X and NC1 domains containing mutant
gen X expression is reactivated during fracture repair chains could be detected when trimer formation was
[5] and in osteoarthritis [6]. The human 1(X) chain con- analyzed under more physiological conditions [12, 25,
sists of a short N-terminal noncollagenous domain 2 26]. Thus, dominant interference of mutant chains on
(NC2) followed by 154 collagen triple helix-forming GXY collagen X assembly may underlie SMCD, at least in
repeats and a C-terminal noncollagenous domain 1 some cases, although it remains to be shown whether
(NC1) of 161 residues, which is homologous to the glob- the destabilized heterotrimers would escape the quality
ular domain of the complement protein C1q and to C1q- controls during secretion in vivo.
like domains in other proteins [7–9]. The same domain Only a single structure of a C1q-like domain is known.
structure is found in the 1 and 2 chains of collagen The crystal structure of the C-terminal domain of
VIII, which is expressed in a wide range of tissues but ACRP30, a serum protein implicated in energy homeo-
not in mineralizing bone [10]. Several groups have shown stasis and obesity, showed that the C1q-like domain is
that the isolated collagen X NC1 domain forms a very related to the tumor necrosis factor (TNF) family, both in
stable trimer and is thus likely to initiate collagen X triple subunit fold and oligomeric assembly [27]. A molecular
helix formation [11–14]. In addition, the NC1 domains model of the collagen X NC1 trimer, based on the
direct the assembly of collagen VIII and X into polygonal ACRP30 structure (40% sequence identity), revealed
lattices [11, 15, 16]. Such a collagen X lattice is believed that mutations causing SMCD cluster in the lower half
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of the C1q-like domain and in the central solvent-filled and three water molecules, resulting in an unusual 9-fold
channel [12]. Here we report the crystal structure of the coordination geometry. Based on the hard and acidic
human collagen X NC1 trimer, which reveals a number nature of the ligands and an average metal-ligand dis-
of important features not predicted by the model. They tance of 2.6 A˚, we have assigned this ion as Ca2 (Ca1),
include a buried Ca2 cluster likely to contribute to the even though Ca2 had not been added explicitly to the
extraordinary stability of the trimer and an aromatic sur- crystallization buffers (see below). Refinement of Ca1
face patch proposed to be involved in collagen X net- with full occupancy resulted in a metal ion B factor that
work assembly. We also provide a detailed discussion closely matches the average of the ligand atoms (21 A˚2
of the effects of SMCD mutations on the collagen X NC1 compared with 17 A˚2) and a featureless difference den-
structure. sity map around Ca1. Metal ion 2 is coordinated by the
carboxylate groups of Asp-626 from one subunit and
Asp-634 from two neighboring subunits (a total of threeResults
negatively charged ligands), the peptide carbonyl oxy-
gen atoms of residues 627 and 635, and the water mole-Structure of the Collagen X NC1 Trimer
cule also bound to Ca1. The resulting coordination ge-The crystal structure of the human collagen X NC1 trimer
ometry is an octahedron with an average metal-ligandhas been determined to a resolution of 2.0 A˚ (Figure 1;
distance of 2.5 A˚. This metal ion has also been assignedTable 1). Residues 549–680 have clear and continuous
as Ca2 (Ca2). Although the difference density mapelectron density; the N-terminal 28 residues and the His6
around Ca2 refined with full occupancy is featurelesstag are not visible and are presumed to be disordered.
at the 3  level, the B factor of the metal ion is rather highThe NC1 trimer, which has crystallographic 3-fold sym-
(34 A˚2), perhaps indicating that the site is only partiallymetry in the rhombohedral crystals, has the shape of a
occupied. There are no negative charges in the secondsquat truncated cone measuring approximately 45 
shell around the cluster of four Ca2 ions shown in Figure45 50 A˚3. The polypeptide chain termini of the subunits
3, resulting in a net charge of 2 (four Ca2 ions andemerge at the broad base of the NC1 trimer (in the view
six aspartic acid residues). Remarkably, the Ca2 clusterof Figure 1B), whereas the apex is constructed from
is shielded from bulk solvent by a ring of three threoninetight loops organized around an intricate arrangement
(Thr-629) and three tyrosine residues (Tyr-632), with Thr-of Ca2 ions (see below).
629 hydrogen bonding to the water molecule that brid-The subunit structure consists of a ten-stranded 
ges Ca1 and Ca2.sandwich with jellyroll topology [27]. Following the TNF
In order to confirm our metal ion assignment, we per-nomenclature, the  strands have been labeled A, A,
formed metal analyses on extensively dialyzed collagenB, and C–H (Figures 1 and 2). The more regular AAHCF
X NC1 samples (see Experimental Procedures). The only sheet is largely buried and accounts for most of the
metal that was significantly enriched relative to thesubunit contacts in the NC1 trimer, with additional con-
background was calcium, which was present at 7–11tributions coming from  strand E. The BBGDE  sheet,
ions per collagen X NC1 trimer, depending on the dial-together with the elaborate A-A loop, forms the exterior
ysis conditions.of the NC1 trimer. Most loops connecting  strands are
either tight reverse turns or short crossovers. The only
exceptions are the aforementioned A-A loop and an
Surface Properties of the NC1 Trimerextended segment connecting  strands G and H, which
forms the upper rim of the NC1 trimer. The collagen X NC1 trimer has a marked dipolar sur-
The NC1 trimer is formed by the very tight association face potential, with the positive pole at the base (data
of three subunits, burying a total of 7360 A˚2 of solvent- not shown). The most conspicuous surface feature,
accessible surface. The intersubunit contacts are almost however, is the presence of a strip of partially solvent-
entirely hydrophobic near the base of the NC1 trimer exposed aromatic residues extending across each sub-
and become progressively more hydrophilic toward the unit interface (Figure 4). This aromatic strip includes the
top of the trimer, forming a pronounced solvent-filled side chains of Trp-611 (20% of the side chain accessible
central channel. Key apolar interface residues near the to a 1.4 A˚ probe), Tyr-615 (9%), Tyr-623 (17%), Tyr-625
base include Ala-553, Val-556, Ile-557, Leu-575, Tyr- (21%), and Trp-651 (12%) from one subunit as well as
598, Ile-641, Phe-675, Val-677, and Ala-678. In the upper Tyr-562 (55%), Tyr-663 (27%), and Tyr-667 (63%) from
half of the NC1 trimer, major contacts involve His-602, the adjoining subunit. The apolar nature of the aromatic
His-604, Met-622, Tyr-623, Tyr-625, Gln-635, Ser-637, strip is underscored by the presence of a partially or-
Ser-639, Tyr-667, Val-668, His-669, and Ser-673. Many dered CHAPS detergent molecule in the collagen X NC1
of these residues interact via buried water molecules. crystals, which is bound in the cleft between subunits,
making van der Waals contacts with Trp-611 and Tyr-
625 as well as with Tyr-667 from the neighboring subunit.Metal Binding Sites
The CHAPS molecule is close to one of the two crystal-We identified a cluster of metal ions near the top of the
packing contacts between NC1 trimers. The other pack-solvent channel (Figure 3). The presence of metal ions
ing contact is made by the apices of neighboring NC1was indicated by strong spherical difference electron
trimers, involving the side chains of Lys-630 and Tyr-density surrounded by appropriately disposed acidic
632 from six subunits. There are no contacts made byside chains. Metal ion 1 is situated on the 3-fold symme-
the base of the NC1 trimer, and there is ample spacetry axis and is coordinated in a bidentate manner by the
carboxylate groups of Asp-634 from all three subunits to accommodate the disordered N-terminal segments.
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Figure 1. Structure of the Collagen X NC1 Trimer
(A) Cartoon representation of the NC1 trimer viewed down the crystallographic 3-fold axis. The  strands in one subunit are labeled A, A, B,
and C–H. Ca2 ions (see text) are represented as pink spheres.
(B) As in (A), but rotated by 90 about the horizontal axis.
(C) Stereoview of a C trace of the collagen X NC1 subunit with every tenth C atom labeled. The orientation is the same as for the subunit
highlighted in (B). Figures 1 and 3–5 were made with BOBSCRIPT [40] and RASTER3D [41].
Comparison to ACRP30 gions, the collagen X NC1 subunit can be superimposed
onto subunit A of the noncrystallographic ACRP30 tri-The collagen X NC1 trimer is only the second structure
of a C1q family member, the prototype structure being mer with an rms deviation of 0.67 A˚ (98 C atoms; 74%
of the structure), while superimposing the entire trimersthat of the globular domain of ACRP30 [27]. The two
proteins share 40% sequence identity in their C1q-like yields an rms deviation of 0.85 A˚ (274 C atoms). In
contrast to the close similarity of the core structures,domains, and it is therefore not surprising that their
overall structures are quite similar. Excluding loop re- there are significant differences in the loop regions near
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of the collagen X NC1 trimer with the ACRP30 structureTable 1. Crystallographic Statistics
[27] should help identify the structural features responsi-
Resolution range (A˚) 20–2.0
ble for the higher stability of the former protein. Trimeri-Unique reflections 11538
zation buries a much larger surface area in collagen XMultiplicitya 4.7 (4.7)
than in ACRP30 (7360 A˚2 versus 5320 A˚2), but it is argu-Rmergea,b 0.076 (0.385)
Completeness (%)a 99.9 (100) able whether the comparison is meaningful, considering
Reflections 10340/1193 that many loops near the apex of the ACRP30 trimer
(working set/test set) are missing from the structure due to disorder. In the
Protein atoms 1057 collagen X NC1 structure, the E-F loop forms a tight
Solvent sites 40 H2O, 2 Ca2, 1 Na, 1 CHAPS hairpin; two aspartic acids flanking the loop, Asp-626Rcrystc 0.186
and Asp-634, provide the ligands for a cluster of fourRfreec 0.199
Ca2 ions buried inside the apex of the NC1 trimer. TheRmsd bond lengths (A˚) 0.007
Rmsd bond angles () 1.4 compaction of loops around the Ca2 cluster is likely to
Rmsd B factors (A˚2) 1.6 contribute significantly to the stability of the NC1 trimer.
However, the Ca2 binding aspartic acid residues area Values in parentheses are for reflections in the highest resolution
conserved in ACRP30 (but not in all members of theshell (2.11 A˚–2.00 A˚).
b Rmerge  	h	i|Ii(h) 
 I(h)|/	h	iIi(h), where Ii(h) is the ith measure- C1q family; data not shown), and it is possible that the
ment of reflection h andI(h) is the weighted mean of all measure- disorder in the ACRP30 structure resulted from the ab-
ments of h. sence of Ca2 in the crystals. An alternative explanation
c R  	h|Fobs 
 Fcalc|/	h Fobs, where Fobs and Fcalc are the observed and for the missing Ca2 cluster in ACRP30 could be that
calculated structure factor amplitudes, respectively. Rcryst and Rfree the sequence at the very tip of the E-F loop in ACRP30were calculated using the working and test set, respectively.
(Figure 2) does not permit a conformation supporting
high-affinity Ca2 binding. In collagen X, Gly-631 partici-
pates in a type II turn, and the following residue, Tyr-
the apex of the collagen X NC1 and ACRP30 trimers 632, contributes to the tight interaction of the E-F loops
(data not shown). In the ACRP30 trimer, many of the in the NC1 trimer. The equivalent residues in ACRP30
apical loops were invisible due to disorder, while, in the are Lys-195 and Asn-196. Indeed, in subunit B of the
collagen X NC1 trimer, they are tightly packed around ACRP30 trimer, the E-F loop assumes a very different,
the buried Ca2 cluster. more open conformation, whereas it is disordered in the
other subunits.
Discussion Ca2 ions were not explicitly added to any of the solu-
tions used to crystallize the collagen X NC1 trimer, yet
The structure of the collagen X NC1 domain presented we found a cluster of four calcium ions. The apparently
here provides insight into three major unresolved ques- high affinity of the NC1 trimer for Ca2 is entirely consis-
tions regarding the biochemistry of collagen X: the basis tent with the structure of the cluster, in which six buried
of the extraordinary stability of the NC1 trimer, the role acidic residues line a cage of optimal size for Ca2 ions
of the NC1 domain in the supramolecular organization of [28]. Ca2 binding is likely to be highly cooperative, given
collagen X in tissues, and the mechanism by which mis- that each Asp-634 side chain ligates three Ca2 ions. In
sense mutations in the NC1 domain cause SMCD. this respect, it is significant that native bovine collagen
X has been shown to bind15 Ca2 ions per 1(X) chain,
Stability of the NC1 Trimer with an average Kd of 30 M [29]. Close inspection of
Within the family of proteins containing C1q-like do- the data actually suggests that there are two classes of
mains, collagen VIII and X stand out due to the high binding sites: one or two high-affinity sites and a large
resilience of their trimeric NC1 domains against thermal number of low-affinity sites (see the Scatchard plot in
[29]). Our metal analyses support the presence of a smalland SDS-induced denaturation [11–14]. A comparison
Figure 2. Sequence Alignment of Selected C1q-like Domains
The sequences are of human collagen 1(X) (SwissProt Q03692), human collagen 1(VIII) (P27658), human collagen 2(VIII) (P25067), and
mouse ACRP30 (Q60994). The sequence numbering and secondary structure elements of the collagen X NC1 domain are included above the
alignment. Conserved residues are shaded yellow. Collagen X residues mutated in SMCD (see text) are in red. The two aspartic acid residues
involved in Ca2 binding to collagen X are indicated by pink-filled circles.
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Two additional features have been proposed to impart
stability on the collagen X NC1 trimer: a greater number
of hydrophobic subunit contacts relative to ACRP30 and
a stabilizing role of the noncollagenous 28-residue seg-
ment preceding the C1q-like domain of collagen X [12].
The former explanation, which was based on compara-
tive modeling using the ACRP30 structure as a template,
is unlikely to be correct, as three of the four residues
considered responsible for this effect (Pro-550, Val-551,
and Pro-679) do not actually form a hydrophobic plug
at the base of the NC1 trimer. The second explanation
is more difficult to evaluate as the N-terminal 28 residues
of collagen X NC1 are disordered in the crystal. Un-
tagged collagen X NC1 domain produced in an in vitro
expression system is stabilized significantly by the
N-terminal segment [12]. The most obvious interpreta-
tion of this observation is that a defined structure of the
N-terminal segment contributes to NC1 trimer formation,
yet this is not observed in our crystals. It is conceivable,
however, that the presence of His6 tags at the termini
of all three NC1 subunits leads to the melting of an
otherwise folded structure.Figure 3. Detailed Structure of the Ca2 Cluster
In summary, we propose that the high stability of theCa2 ions and water molecules are represented as large pink and
collagen X NC1 trimer results from a very compact struc-small red spheres, respectively. Ca1 is situated on the 3-fold symme-
try axis of the collagen X NC1 trimer. Residues coordinating the ture with extensive subunit interfaces that are reinforced
Ca2 ions are shown as ball and stick models and are labeled. by an unprecedented buried Ca2 cluster near the apex
Asterisks denote residues from a neighboring, symmetry-related of the trimer.
subunit. Metal-ligand bonds are indicated by thin black lines, and
their distances are given in angstroms.
Supramolecular Structure of Collagen X
Unlike the major fibrillar collagens, collagen X is not
assembled into a supramolecular structure through ex-number of high-affinity Ca2 sites but do not exactly
match the four Ca2 ions identified in the collagen X NC1 tensive lateral association of its triple-helical regions.
Rather, the globular collagen X NC1 domain appears tostructure. The discrepancy is likely due to incomplete
calcium removal from at least one additional, unidenti- have a tendency to aggregate. A polygonal network, in
which the joints are formed by the NC1 domains, hasfied site per subunit, perhaps located in the disordered
N terminus. been observed in vitro using tissue-derived chicken col-
Figure 4. The Solvent-Exposed Aromatic Strip
(A) C trace of the collagen X NC1 trimer with the individual subunits in pink, cyan, and dark blue. Aromatic residues exposed on the surface
are drawn as ball and stick models and are labeled. The steroid moiety of a CHAPS detergent molecule (see text) is in yellow.
(B) Details of the CHAPS binding site. The colors used are the same as in (A). The electron density shown is a simulated annealing (3000 K)
Fobs
 Fcalc omit map of the CHAPS molecule contoured at 2.5 .
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lagen X [16]. Moreover, recombinant full-length human missense (14 cases), nonsense (3 cases), and frameshift
mutations leading to premature termination (10 cases).collagen X expressed in mammalian cells aggregates
through its NC1 domain [11], and the isolated NC1 do- With the exception of two mutations affecting the cleav-
age of the secretion signal [32], all mutations are locatedmain produced in E. coli also forms higher-order oligo-
mers ([14]; our unpublished data). Little is known about in the NC1 domain.
From our collagen NC1 structure, it is clear that anythe relevance of these observations to the situation in
the growth plate in vivo, but it is pertinent that collagen C-terminally truncated collagen X mutant is extremely
unlikely to fold into a stable NC1 subunit or assembleVIII, a close homolog of collagen X, forms a polygonal
meshwork in certain extracellular matrices [15]. Finally, into NC1 trimers, as the C-terminal  strand H is buried
in the interior of the NC1 trimer. The frameshift mutationsheterophilic interactions of the collagen X NC1 domain
with other matrix components may be functionally im- are thus predicted to cause SMCD either by haploinsuffi-
ciency or by dominant interference with the secretionportant.
An inspection of the molecular surface of the collagen of wild-type collagen X chains or other matrix proteins.
In the case of one collagen X nonsense mutant (Tyr-632X NC1 trimer reveals three strips, each containing eight
partially exposed (9%–63%) aromatic residues, that run changed to stop), only normal mRNA could be detected
in the growth plate [33]. Whether nonsense-mediatedacross the shallow grooves between subunits (Figure
4). The steroid moiety of a CHAPS detergent molecule mRNA decay causes haploinsufficiency in the other non-
sense (Y628X and W651X) and frameshift mutants re-is bound to Trp-611, Tyr-625, and Tyr-667 near the top
of the groove. We propose that this detergent molecule mains to be established.
The likely effects of missense mutations in collagenoccupies a hydrophobic surface patch involved in the
higher-order association of collagen X trimers. There are X have been discussed using a model of the collagen
X NC1 domain based on the ACRP30 crystal structurethree appropriately positioned patches per NC1 trimer,
allowing for polygonal network formation in two or three (40% sequence identity) [12]. A critical assessment of
this analysis highlights both the power and limitations ofdimensions. The struts of the network formed by the
collagen triple helices are slightly shorter than the length comparative modeling. The homology model correctly
identified the location of residues within the NC1 trimerof the collagen X molecule [16]. Thus, interactions be-
tween the small N-terminal NC2 domain and the larger and their solvent exposure but was inaccurate in most
details of side chain interactions (Figure 5; Table 2).NC1 domain could also contribute to network formation.
Intriguingly, the location of the CHAPS binding site in Asn-617, Gly-618, and Asp-648, for instance, interact
intimately at the surface of the NC1 trimer in a waythe collagen X NC1 trimer corresponds to one of the
major receptor binding sites of the distantly related that was not predicted from the model. Strikingly, all
mutations cluster in the lower half of the NC1 trimer,TNF trimer [30]. Three apolar residues of the elongated
TNF receptor are buried in the groove between TNF well away from the calcium cluster buried by the apical
loops.subunits, interacting with TNF residues Tyr-96 and Met-
120. The latter residue corresponds to Tyr-625 in colla- Inspection of the collagen X NC1 crystal structure
suggests that there may be three classes of missensegen X, which forms the back wall of the CHAPS binding
site (Figure 4). A corresponding region at the C terminus mutations: the first class contains mutations that disrupt
the hydrophobic core of the NC1 subunit; the secondof  strand E has also been implicated in the binding of
C1q head domains to antigen-bound immunoglobulin class contains mutations that allow subunits to fold but
perturb NC1 trimer assembly; and the third class con-IgG [31]. The other major contact area in the TNF-TNF
receptor complex involves the A-A loop of TNF [30]. tains mutations that are tolerated structurally but have
an effect on the higher-order association of collagen XThe corresponding loop in collagen X NC1 has no out-
standing features but does contain one of the exposed trimers. The distinction between the first and second
classes may be somewhat arbitrary, as we do not believearomatic residues, Tyr-562.
The apical E-F loops in collagen X NC1, which fold that monomeric NC1 domains are stable without the
assistance of chaperonins present in the endoplasmicover the Ca2 cluster, are involved in a 2-fold symmetric
crystal contact with the apex of another NC1 trimer. A reticulum. Mutations C591R, G595E, Y597H, L614P, and
Ca2-regulated association of NC1 trimers might consti- L644R constitute the first class. These residues contrib-
tute an attractive mechanism for collagen X aggregation ute critically to the subunit core, in particular near the
during endochondral ossification. This crystal-packing base of the NC1 trimer (Figure 5), and it is probably
contact is entirely hydrophilic and features hydrogen significant that the B-C and F-G loops containing these
bonds from Lys-630 to the peptide carbonyl group of residues are structurally invariant in the C1q and TNF
residue 631 and a water-mediated contact between Tyr- families. Since mutation of these residues is unlikely to
632 from two symmetry-related NC1 trimers. It may be result in folded, assembly-competent NC1 subunits, we
possible to test the involvement of the Ca2 cluster in predict these mutations to cause SMCD by haploinsuffi-
the collagen X superstructure by studying the effects of ciency. A similar mechanism may apply to S600P and
Ca2 chelators on the assembly process in vitro. How- S671P, where prolines are introduced into  strands. In
ever, we think that the aromatic strip is a more likely contrast to residues in the first class, however, the side
candidate for an interaction surface. chains of Ser-600 and Ser-671 make polar interactions
in the central solvent-filled channel of the NC1 trimer,
and mutations to proline may be tolerated. Heterotri-Molecular Pathology of SMCD
A number of collagen X mutations have been shown to mers containing mutant S600P collagen X chains have
indeed been observed, albeit with greatly reduced sta-cause SMCD in humans (reviewed in [17]). These include
Structure of the Collagen X NC1 Trimer
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Figure 5. Location of SMCD Missense Muta-
tions
Stereoview of a C trace of the collagen X
NC1 trimer, with one subunit in pink and the
other subunits in dark blue. Side chains of
residues mutated in SMCD (see text) are
shown as ball and stick models in the pink
subunit and are labeled.
bility [12]. The clearest case of a mutation in the second Schmid metaphyseal chondrodysplasia (SMCD) results
from mutations in the C-terminal globular NC1 domainclass is Y598D, which introduces buried charges into
the NC1 trimer. Destabilized homo- and heterotrimers of collagen X, a matrix molecule that is uniquely ex-
pressed by hypertrophic chondrocytes in the growthcontaining Y598D chains were detected in two studies
[12, 26]. The third, perhaps most informative class of plate of bones. Genetic studies in mice and in vitro
experiments with recombinant collagen X have beenmutations consists of N617K, G618V, D648G, and
W651R. These mutations could well be tolerated (Asn- used to study the disease mechanism of SMCD. Some
mutations appear to be tolerated structurally and cause617 is, in fact, substituted by a lysine in ACRP30; Figure
2). We predict that collagen X chains containing these SMCD by dominant interference, consistent with the
prominent role of the NC1 domain in collagen X trimeri-mutations can form stable heterotrimers with wild-type
chains. Residues Asn-617 and Gly-618 reside in the D-E zation and supramolecular assembly.
We have determined the crystal structure of the hu-loop, which in TNF and C1q is involved in ligand recogni-
tion [27, 30]. Trp-651 contributes to the aromatic strip man collagen X NC1 trimer. Being a member of the
C1q protein family, the NC1 domain is a trimer of ten-in collagen X NC1, with two additional aromatic residues
situated in the nearby D-E hairpin (Tyr-615 and Tyr-623). stranded  sandwich subunits. A novel buried cluster
of calcium ions probably contributes significantly to theThus, it is possible that the third class of mutations
affects the homophilic aggregation of collagen X and its extraordinary stability of the collagen X NC1 trimer. A
number of aromatic residues are exposed on the NC1assembly into networks in a dominant-negative manner.
Indeed, collagen X chains containing the N617K and trimer surface and are likely to be involved in the higher-
order assembly of collagen X in the bone matrix.W651R mutations have been shown to form stable tri-
mers [26]. A detailed analysis of the location of SMCD mutations
suggests that there are two classes of mutations. Muta-
tions in the first class affect the subunit core, and colla-Biological Implications
gen X heterotrimers containing mutant chains are un-
likely to be secreted in vivo. Mutations in the secondMutations in extracellular matrix components are re-
sponsible for many genetic disorders in humans. class affect residues in the central channel or on the
Table 2. Interpretation of SMCD Missense Mutations
C591R Cys-591 is completely buried; Cys-591 SG hydrogen bonds to Ile-593 O; arginine would disrupt the hydrophobic core.
G595E Gly-595 is in an extended main chain conformation; glutamic acid would disrupt the packing of the hydrophobic
C terminus (Leu-676 to Met-680) onto the B-C loop.
Y597H Tyr-597 is completely buried; Tyr-597 OH hydrogen bonds to Ile-593 O and to an internal water molecule (which in
turn hydrogen bonds to His-581); histidine would destabilise the hydrophobic core.
Y589D Tyr-589 OH from all three subunits hydrogen bond to an internal water molecule in the solvent channel and
to Ser-639 OG; aspartic acid would destabilise the NC1 trimer.
S600P Ser-600 OG does not form hydrogen bonds but is at 3.2 A˚–3.4 A˚ distance from Tyr-598 OH, His-602 NE2, and
Ser-639 OG; proline would break  strand C.
L614P Leu-614 is completely buried; proline would break  strand D
N617K Asn-617 and Gly-618 form a type I turn; Asn-617 OD1 and ND2 hydrogen bond to Asp-648 N and OD1, respectively;
lysine could be accommodated but may perturb collagen X suprastructure.
G618V Asn-617 and Gly-618 form a type I turn; valine could be accommodated but may perturb collagen X suprastructure.
L644R Leu-644 is completely buried; arginine would disrupt the hydrophobic core.
D648G Asp-648 OD2 hydrogen bonds to Thr-645 N and OG1; Asp-648 OD1 hydrogen bonds to Asn-617 ND2; glycine could
be accommodated but may perturb collagen X suprastructure.
W651R The Trp-651 side chain is in van der Waals contact with Pro-568, Tyr-615, and Gly-618; Trp-651 NE1 hydrogen
bonds to Gln-653 OE1; arginine would destablise the local structure and may perturb collagen X suprastructure.
S671P Ser-617 OG hydrogen bonds to two internal water molecules in the solvent channel; proline would disrupt  strand H.
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